Introduction
Somatoform pain disorder is a mental disorder characterized by chronic bodily complaints without sufficient explanatory peripheral pathology. 1 Although the causes and mechanisms behind this mental disorder remain unclear, both functional and structural alterations in the limbic structures seem to correlate with this non-nociceptive chronic pain condition. [2] [3] [4] Moreover, human brain imaging studies have revealed new roles that cortical neuronal networks play in chronic pain, 5 including the unpleasant quality of pain. 6 The current study expanded upon a new approach for testing one important facet of the network model to examine the intrinsic functional connectivity between networks active during resting state: the functional network connectivity (FNC). 7 The human brain's resting state is characterized by lowfrequency fluctuations of spontaneous neural activity. 8 Without stimulation, this activity is highly organized in several intrinsic connectivity networks (ICNs). 9 Some of the ICNs appear to be pain-related, such as the default mode network (DMN), which comprises cortical midline structures and lateral parietal regions, [10] [11] [12] the cingular-insular network (CIN), and the sensorimotor network (SMN). 8, [13] [14] [15] [16] [17] [18] [19] There is interplay among the regions within an ICN and among the ICNs themselves. As shown recently in individuals with schizophrenia, differences in internetwork communication regarding FNC could be a valid measure that reflects the deficiencies in cortical processing in patients with chronic psychiatric symptoms. 20 Therefore, we aimed to test the practical relevance of FNC for chronic, medically unexplained pain. Specifically, given a central disconnection of pain-related neural systems, we hypothesized that alterations exist in the FNC between the DMN, CIN and SMN in patients with somatoform pain disorder.
Methods
This study was approved by the local ethics committee (Ethikkommission der Fakultaet fuer Medizin der Technischen Universitaet Muenchen) and conducted in accordance with the Declaration of Helsinki. We obtained written informed consent from all participants. Healthy controls were recruited from the general community. All patients had pain-predominant multisomatoform disorder 12, 21 and were recruited from outpatient departments of neurology, internal medicine and pain treatment centres. Pain-predominant multisomatoform disorder, a medium-severe somatoform disorder, was primarily diagnosed by an experienced physician (M.N.-H.), who performed a modified Structured Clinical Interview for DSM-IV Axis I Disorders (SCID-I), verifying the official criteria for somatoform and chronic pain disorder. We modified the interview to check for the presence of multisomatoform disorder according to the published criteria. 22 The main feature of somatoform disorders is the repeated presentation of physical symptoms with persistent requests for medical examinations, despite repeated negative findings and reassurances by doctors that the symptoms have no physical basis. If any physical disorders are present, the disorders do not explain the nature and extent of the symptoms or the distress and preoccupation of the patient. 23 Multisomatoform disorder is defined as "3 or more medically unexplained, currently bothersome physical symptoms plus a long (≥ 2 years) history of somatization." 22 It has been shown that, compared with mood and anxiety disorders, multisomatoform disorder is associated with comparable impairments in healthrelated quality of life, more self-reported disability days and clinic visits, and the highest level of provider frustration. 22, 24 In this context, as a precondition, the physical component summary (PCS) measure 25 in our patient group was required to be 1 standard deviation [SD] or more below the population norm (i.e., ≤ 40, as measured by the SF-36), thus meeting the DSM-IV criterion B for significant distress or psychosocial impairment due to the somatoform pain in patients with pain disorder. 1 The second precondition was that the score on the 15-item Patient Health Questionnaire (PHQ-15) had to be greater than 10, which represents medium somatic symptom severity. We used the German version of the Brief Pain Inventory 26 to estimate the intensity of the participant's pain. We excluded patients with insufficient cognitive abilities, severe chronic somatic diseases, unambiguous nociceptive pain (postsurgical or phantom limb pain), hypochondria, posttraumatic stress disorder (PTSD), a severe comorbid mental disorder that caused major social functioning impairment (e.g., schizophrenia or severe substance abuse), or insufficient German language skills. We assessed handedness using the Edinburgh Handedness Inventory. 27 
Psychometric measurement
The occurrence of somatoform disorder was assessed according to a modified structured psychiatric interview based on the German version of the SCID-I. 28 The SCID-I evaluates the present (i.e., the 4 weeks preceding the interview) and lifetime psychiatric status for major Axis I psychiatric disorders using criteria that correspond with the DSM-IV. 1 The SF-36 is a multipurpose, short-form health survey comprising 36 questions. 29 It yields an 8-scale profile of functional health and well-being scores, psychometrically based physical and mental health summary measures, and a preference-based health utility index. This questionnaire is a generic measure instead of one that targets a specific age, disease or treatment group. Accordingly, the SF-36 has been proven useful in surveys of general and specific population groups because it compares the relative burden of disease and differentiates the health benefits of a wide range of treatments. 30 Its German translation has been validated in a variety of German health care settings. 31, 32 The PCS subscore of the SF-36 has been shown to be a valid and change-sensitive indicator of bodily function and quality of life; 33 moreover, it addresses the major concerns of our patients more directly than the mental component summary. 34 The PHQ-15 35, 36 is a brief, self-administered questionnaire that is useful in screening for somatization and monitoring the severity of somatic symptoms in clinical practice and research. Scores of 5, 10 and 15 represent the cutoff values for low, medium and high somatic symptom severity, respectively.
The Brief Pain Inventory (BPI) 37 was developed by the Pain Research Group of the World Health Organization Collaborating Centre for Symptom Evaluation in Cancer Care to provide information on the intensity of pain (the sensory dimension) and degree to which pain interferes with function (the reactive dimension). The validity of the BPI has been demonstrated in both the German version 26 and for measuring pain in patients without cancer. 38 The BPI item scores for each patient are provided in Appendix, Table S1 , available at cma.ca/jpn. The Beck Depression Inventory (BDI-I) 39 ,40 is a 21-item selfreport instrument that measures cognitive and endogenous aspects of depression on a 4-point scale ranging from 0 to 3. The standard cutoffs are as follows: a total score of 0-9 indicates no depression, 10-18 indicates mild depression, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] indicates moderate depression and a score of 30 or greater indicates severe depression. This questionnaire has undergone extensive reliability and validation studies.
According to the homepage of the publishing house Pearson Assessments, 41 "the Symptom Checklist-90-R (SCL-90-R) instrument helps evaluate a broad range of psychological problems and symptoms of psychopathology. The instrument is also useful in measuring patient progress or treatment outcomes." The 90 items of the German version of this checklist are scaled from 0 to 4 and are associated with problems that the patient has been experiencing during the last 7 days. 42 The summarizing global severity index is a de facto standard for psychotherapy clinical practice and research, and it serves as a "symptom severity thermometer." The 9 specific subscales of the SCL-90 (e.g., SOM: somatization) provide an overview of the spectrum of patient complaints. 43 
Functional MRI resting state paradigm
Participants were asked to stay awake but close their eyes and relax for 370 seconds. After the scanning session, participants were asked whether they had fallen asleep during the scan. Patients who responded positively or ambiguously were excluded from the study.
Data acquisition and fMRI procedures
Images were acquired using a 3 T Philips Achieva scanner with a standard 8-channel SENSE head coil. Thirty-two contiguous slices (no gap) were acquired with a steep angulation, such that the eyes were excluded, using a gradient echoplanar sequence with the following parameters: repetition time (TR) 2000 ms, echo time (TE) 35 ms, 82° flip angle, field of view (FOV) 220 mm, slice thickness 4 mm, 80 × 80 matrix, 2.75 × 2.75 mm voxel size, and SENSE factor 2. Anatomic images were obtained using a T 1 -weighted turbo gradient echo sequence with the following parameters: TR 9 ms, TE 4 ms, 8°f lip angle, FOV 240 mm, 240 × 240 matrix, 1 mm isotropic voxel size, 170 slices and no gap.
Image processing and data analysis: preprocessing
The data analysis was performed using the SPM5 (Statistical Parametric Mapping software, Wellcome Trust Centre for Neuroimaging, www.fil.ion.ucl.ac.uk). We discarded the first 3 images of each run to allow for equilibration of the longitudinal magnetization. The preprocessing steps included 1. the realignment and unwarping of the images to correct for movement artifacts and related susceptibility artifacts, 2. a coregistration of the anatomic to the functional images, 3. the segmentation and normalization of the anatomic image to the standard stereotactic space (Montreal Neurological Institute [MNI]), 4 4. the application of a normalization transformation to the functional images, and 5. the smoothing with a 8 mm Gaussian kernel for the group analysis.
Connectivity analysis
We performed an independent component analysis (ICA) on all participants (patients and controls) using the group ICA from the fMRI toolbox (GIFT version 1.3h; http://icatb .sourceforge.net) developed for fMRI data analysis. 44 Following the method of Jafri and colleagues, 20 we additionally performed 2 separate group ICAs on patients and controls "to ensure that the resulting components had similar resting state fluctuations in the 2 groups, as in the resulting components attained from all [...] participants combined." 20 For group comparisons, however, a separate group ICA may not be optimal because it biases toward false-positive results of group differences. 45 Therefore, we reported and used the data of the combined ICA for group comparisons.
First, the individual data sets were concatenated across time. This was followed by computing the subject-specific components and time courses. The toolbox performed the analysis in 3 stages: data reduction, application of the ICA algorithm and back reconstruction for each participant. 44 In the initial step, the data from each participant underwent principal component analysis to reduce the computational complexity. Thus, most of the informational data content was preserved. After concatenating the resulting volumes, 29 independent sources were estimated using the GIFT dimensionality estimation tool based on the aggregated data. The final reduction was again achieved using principal component analysis according to the selected number of components. In the second stage of the analysis, we used the Infomax algorithm to run the ICA and a mask based on all participants. In the final stage of back reconstruction, the time courses and spatial maps were computed for each participant. The resulting mean spatial maps for each participant were transformed to z scores for display. 44 Individual participant maps of the ICNs were entered into 1-sample t tests for 1-group analyses and 2-sample t tests for group comparison in SPM5. Results were thresholded at p = 0.05 and corrected for family-wise error with a cluster extent threshold of 50 voxels.
Functional network connectivity
The functional networks isolated by ICA are both spatially and temporally independent. 44 However, temporal correlations can exist between the networks. To measure this functional network connectivity (FNC), we computed a constrained maximal lagged correlation using the FNC toolbox (http ://mialab .mrn .org /software /#fnc). 20 Next, the maximal lagged correlation was assessed between all pair-wise combinations of the 4 ICNs selected for the analysis, which led to 6 possible combinations.
We calculated the correlation between the 2 time courses using the following formula, where ρ is the correlation between 2 time courses, X is time course 1 (dimension T × 1 unit), Y is time course 2 (dimension T × 1 unit), T is the number of time points in the time course, i o is the starting reference of the 2 original time courses, ∆i is the noninteger change in time in seconds, X io is X at the initial reference point i o , Y io+∆i is Y shifted from the reference point i o , ρ ∆i is the maximal lagged correlation and ∆i is the lag between the time courses in seconds: 20 The correlation and lag values were computed for all participants and then averaged for the controls and patients. The correlation value reflects the dependency between 2 resting state networks. Significant correlation combinations from the 6 possible combinations were separately extracted for both groups, which led to FNC maps for each group (t test, p < 0.05). In addition, corresponding to the significant correlation combinations, the averaged lag values, which represent the amount of delay between 2 correlated component time courses, were calculated for each group. 20 
Group difference
Significant differences in the FNC between patients and controls were calculated using a 2-sample t test (p < 0.05, corrected for false discovery rate). 46 The lag values were compared between both groups (2-sample t test, p < 0.05, corrected for false discovery rate).
Correlation analysis
The FNC was correlated with the BDI and BPI scores (p < 0.05, corrected for multiple comparisons).
Results
In all, 19 Before the fMRI scan, the mean value of pain intensity among participants with somatoform pain disorder (item 5) using the BPI was 7 of 10 (SD 2.24). All of the patients with chronic pain but none of the controls experienced persistent somatoform pain throughout the scan (Table 1 and Appendix 1,  Table S1 ).
In accordance with published results, we identified the following pain-related networks by visual inspection (Fig. 1 and Table 2 ):
• the anterior default mode network (aDMN), which consists of the cortical midline structures, such as the medial prefrontal cortex and precuneus; [15] [16] [17] 47 • the posterior default mode network (pDMN), which consists of the lateral parietal regions and precuneus; [15] [16] [17] 47 • the CIN, which consists of both the insular and cingular cortex; 13, 19 and • the SMN, which consists of the pre-and postcentral gyrus. 14 The FNCs of the patients with chronic pain and the control group are shown in Figure 2 . Both groups showed a significant FNC between the CIN and SMN, the aDMN and pDMN/SMN, and the pDMN and SMN. No signi ficant differences in FNCs were found between groups (Fig. 3) . No significant correlation was found between the FNC and BDI or BPI scores (p < 0.05, corrected for multiple comparisons). 
Discussion
The present study shows how pain-related ICNs are interconnected during the resting state using a reasonably sized group of clinically well-classified participants. Using a datadriven approach, we isolated the CIN, SMN and DMN. According to previous studies, an anterior and posterior subsystem of the DMN could be identified. 47, 48 The aDMN is associated with cognitive control of emotions and selfreferential processing, whereas the pDMN is related to mnestic functions. [49] [50] [51] [52] [53] The CIN subserves affective reactions, and the SMN underpins sensory-discriminative processing. 18, 19 The SMN strongly interacts with the CIN, aDMN and pDMN. These interactions suggest that sensorydiscriminative processing is highly related to affective processing, self-referential thoughts and memory functions. Furthermore, the SMN lags the time course of the other ICNs by seconds. Emotional and cognitive processing appear to precede the activity of the sensorimotor system during the resting state. This may explain the influence of the inner world, with its various subjective states, such as anxiety, sadness and individual predictions about the future on the perception of the outer world via sensory systems. [54] [55] [56] Because our analysis does not provide insight into causality, our results encourage further research on the putative effects of DMN and CIN activity on the SMN. Contrary to our hypothesis, the present study shows that somatoform pain does not lead to significantly disturbed FNC among pain-associated networks during the resting state. This finding is remarkable because chronic pain has been shown to be a strong disruptor of intranetwork functional connectivity within the somatosensory, affective and cognitive neural systems. [13] [14] [15] 17 Notably, our patients subjectively experienced severe ongoing pain, as their pain intensity rating using the BPI was 7 of 10. In comparison, in cancerinduced bone pain, for example, which is the most common cause of pain in cancer patients, the median average pain rating based on the BPI has been reported to be 4 of 10. 57 One may speculate several explanations for this finding. Evidence for an important role of resting FNC in central nervous system disorders stems from research on schizophrenia, which is widely known to be characterized by bizarre inner processes, such as hallucinations, delusions and disorganized thoughts. 20 One important characteristic of schizophrenia is the patient's disability to distinguish between inner experiences caused by psychotic states and outer reality. Somatoform pain, however, is not associated with a disturbed sense of reality or personality. Thus, disturbed FNC may reflect highly disorganized states of consciousness rather than symptoms, such as ongoing non-nociceptive pain.
Furthermore, as external triggers, such as aversive emotional experiences, are considered to be relevant in the etiology of somatoform pain disorder, one may speculate that significant differences in FNC are not elicited during rest but in response to stimulation. For example, noxious heat led to higher blood oxygen-level dependent signalling in the insula and parahippocampal gyrus, while medial prefrontal cortex activity was reduced. 58 Reduced insula and amygdala activity was observed during emotional empathy, indicating disturbed emotional processing. 59 However, fibromyalgia, which most closely resembles somatoform pain disorders in many aspects, displays a characteristic connectivity pattern during rest, as recently shown by Cifre and colleagues. 60 They found that functional connectivity of the anterior cingulate, insula and somatosensory regions with amygdala and basal ganglia was enhanced, whereas the interplay between somatosensory and default mode regions was reduced. In our study, however, a nonsignificantly higher FNC between the CIN and SMN was observed in controls, whereas the FNC of the aDMN/pDMN, aDMN/SMN, and pDMN/SMN was nonsignificantly higher in patients with somatoform pain. For this reason, the lack of differences between controls and patients in terms of FNC may mirror methodological issues rather than etiological characteristics of different psychiatric and psychosomatic entities.
Limitations
An important limitation of the current study was medication. Antidepressants and analgesics were being taken by more Arrows represent a significant correlation between components (p < 0.05, corrected for false discovery rate). The lag time between the connected networks is shown by the direction of each arrow. An arrow that connects the CIN and SMN (pointing toward the latter) signifies that the time course of the SMN is delayed with respect to the CIN. However, no significant group differences were detected (p < 0.05, corrected for false discovery rate).
than half of our patients. It is of note that despite ethical reasons, it was nearly impossible to convince patients with somatoform pain to interrupt their (psychotropic) medication in this intentionally naturalistic study. As the patients of Cifre and colleagues 60 did not undergo a drug washout, we cannot exclude the possibility that medication influenced our results. Moreover, regarding the poor health status of our patients, our resting paradigm lasting 370 seconds was relatively short. Other studies used rest sessions of about 10 minutes. 13, 60 However, given that patients with somatoform pain normally complain about long recumbency in the scanner, one may argue that a longer paradigm may have enhanced patient pain and led to false-positive results.
Given the high comorbidity of somatoform pain with affective disorders 61 and their influence on brain function, 58, 62 depressive symptoms may have influenced our results. Several studies have indicated an important role of functional connectivity in depressive symptoms. For example, functional connectivity within the DMN was enhanced in our study, which has been correlated with stronger self-referential processes in depressed patients. [63] [64] [65] Northoff and colleagues 66 found meta-analytic evidence that not only intranetwork connectivity, but also disturbed interplay between several brain systems, may be the neural underpinning of this disease. In our study, however, no significant effect of depression on FNC was observed.
Conclusion
To our knowledge, our results demonstrate for the first time resting FNC between pain-related ICNs and its association with somatoform pain disorder. In contrast to our hypothesis, the resting FNC approach may not sufficiently explain the putative central dysfunction of pain homeostasis in chronic non-nociceptive pain. Our negative results encourage further research on the effect of chronic pain and affective disorders on the FNC of the human brain. 
